Bats rely heavily on echolocation for orientation and prey detection, hence acoustic signals that interfere with echo reception are problematic. When flying in the presence of other bats, some species adjust their echolocation to avoid frequency overlap with the calls of nearby conspecifics, known as a jamming avoidance response (JAR). One aspect of JAR that has not been thoroughly examined is how the spectral structure of the jamming signal impacts the jamming response. Our objective was to examine how the structural characteristics of an echolocation broadcast impact JAR in free-flying Brazilian free-tailed bats, Tadarida brasiliensis. We created 4 echolocation playbacks that differed only in call shape and frequency modulation. We examined the response of bats when flying in the presence of an unchanging broadcast (static stimulus) and when the playback signal was abruptly switched as the bat approached the speaker (dynamic stimulus). Results revealed that the bandwidth of the interfering signal impacted the strength of the observed JAR, while the presence and/or length of a terminal quasiconstant frequency section in the interfering signal did not. Our results agree with laboratory studies documenting JAR in the presence of white noise, as well as field studies demonstrating extensive variability in the echolocation calls of Brazilian free-tailed bats. We relate these results to previous findings on JAR, including a recent study documenting no JAR in a bat species and suggest further experiments to tease apart the physiological limitations of JAR. Overall, this study provides additional insight into the signal processing capabilities of bats and improves our understanding of how bats are able to orient using sound in a noisy world.
Animals continuously face the need to obtain information from their surroundings, a task that occurs within complex environments in which sources of abiotic and biotic noise are present across multiple sensory modalities. Such interfering stimuli potentially hinder the ability of individuals to perform successfully across a variety of behavioral contexts, including navigation and effective exchange of signals between senders and receivers. Given the critical role of these behavioral processes, selection should favor the evolution of signaling systems that are optimized for transmission in the primary signaling environment (Bradbury and Vehrencamp 2011) . Such optimization can be especially difficult when dealing with types of interference that are not fixed in nature but rather change rapidly over space and time. For example, the presence of signals produced from biotic sources, such as the calls of other animals moving through the environment, can be difficult, if not impossible to predict, making optimization a more challenging task.
Animals employ a wide range of strategies for dealing with noisy environments. In some cases, receivers can actively extract the necessary information from a signal despite the presence of noise in the sensory channel. For example, the "cocktail party effect" in humans describes how an individual in a noisy environment is able to focus on just one of multiple sensory streams that are being received simultaneously (Bronkhorst and Plomp 1992) . Senders may also adjust their signaling behavior to reduce extensive overlap between signal and noise within the sensory channel. Generalized vertebrate responses to noise include an increase in signal amplitude, duration, and redundancy (reviewed in Brumm and Slabbekoorn 2005) . Animals producing acoustic signals often adjust signal frequency in the face of noise (Slabbekoorn and Peet 2003) , although it is not clear if this is potentially an artifact of associated increases in amplitude (Zollinger et al. 2012; Nemeth et al. 2013) .
Bats are especially susceptible to negative impacts of acoustic interference, as they use echolocation calls to orient within their environment, and in many species, to capture insect prey. Flying bats face a wide range of acoustic stimuli that could potentially interfere with echo reception, including the sound of running water (Frenckell and Barclay 1987) , calling insects , and the presence of conspecifics (Ulanovsky et al. 2004) . Given the social nature of most bat species, the calls of other bats have the potential to be a major, and regularly encountered, source of acoustic interference.
Several bat species have been reported to alter the temporal and/or spectral structure of their echolocation in response to the presence of calling conspecifics (although see Cvikel et al. 2015) . Known as a jamming avoidance response (JAR), such active adjustments to the presence of interfering stimuli presumably reduce signal overlap and more readily accommodate echo reception. Three jamming avoidance strategies have been documented in bats. The 1st strategy involves adjusting temporal patterns of call emission to reduce interference. Jarvis et al. (2010) and Jarvis et al. (2013) demonstrated that Brazilian freetailed bats, Tadarida brasiliensis, adjust their calling rate when encountering small groups of calling conspecifics, with bats reducing their individual call emission rate; when this strategy is adopted by several individuals, interference rates decrease substantially. The 2nd strategy is to completely cease calling in the presence of a conspecific. Chiu et al. (2008) and Chiu et al. (2009) demonstrated that when 2 Eptesicus fuscus are flying together, on some occasions, the trailing individual stops echolocating, possibly relying on the echolocation of the leading bat to orient, although this idea has not yet been experimentally tested.
The 3rd, and most heavily studied, strategy is for individuals to adjust the spectral structure of their calls in the presence of other bats in a manner that reduces the frequency overlap between the 2 signals. Several studies have demonstrated that bats flying in the presence of other individuals use a wider range of frequencies compared to bats flying alone, indicating bats spectrally distance their calls when flying in the same airspace (Habersetzer 1981; Miller and Degn 1981; Obrist 1995; Surlykke and Moss 2000; Ibanez et al. 2004; Ratcliffe et al. 2004; Ulanovsky et al. 2004) . conducted the 1st experimental test for frequency-shifting JAR using playbacks to T. brasiliensis in which the frequency of the playback signal was changed as a bat approached the speaker, effectively exposing an individual to 2 stimuli of different jamming potential. Results showed that when bats were abruptly challenged with a signal that exhibited significant spectral overlap with their own calls, they exhibited a rapid asymmetrical (i.e., only in one direction) response, shifting their calls to higher frequencies even when the playback signal was spectrally above the bat's own call.
While previous work has demonstrated that the baseline frequency of an interfering signal has important impacts on bat JAR, there is a limited understanding of how other characteristics of a noise source impact the response. Tressler and Smotherman (2009) demonstrated in the laboratory that bats exhibit distinct responses to noise signals that differ in bandwidth, while the JAR produced in the presence of broadband interference mimics the typical vertebrate response to noise (i.e., Brumm and Slabbekoorn 2005) , individuals exhibit a specialized response to band-limited (i.e., 5 kHz bandwidth) signals. These results suggest that the term "JAR" actually encompasses more than one behavioral response in bats, and that the specifics of a given JAR are related to the context of the signaling environment, particularly the bandwidth of the noise.
The general objective of the current study is to assess how the spectro-temporal structure of conspecific calls impacts the JAR of Brazilian free-tailed bats. The 1st specific objective is to expand upon previous laboratory work by examining how echolocation call playbacks of differing bandwidth impact JAR in free-flying bats. We tested the response of bats to playback signals typical of free-flying T. brasiliensis in 2 behavioral situations: 1) searching for prey in open areas (very narrowband signals used) and 2) orienting in areas cluttered with bats or vegetation (relatively broadband signals used). While the spectral differences between the broadband and narrowband playback signals are substantially smaller than those used by Tressler and Smotherman (2009) , these are more typical of the interfering signals of echolocating conspecifics that bats encounter in nature. Given the greater potential for broadband signals to spectrally overlap with a bat's echolocation calls, we hypothesize that JAR is affected by the bandwidth of the interfering signal. We predict that bats exposed to broadband echolocation signals (~7 kHz bandwidth) will exhibit a stronger JAR compared to bats exposed to narrowband echolocation signals (~1 kHz), including greater increases in call frequencies and bandwidth, as well as larger decreases in call duration.
The 2nd specific objective of our work is to assess how the presence of a quasi-constant frequency (QCF) call component in an interfering signal impacts JAR. hypothesized that the observed bias towards shifting upwards to higher frequencies may occur because bats are particularly sensitive to overlap with the QCF portion of an interfering signal (Fig. 1) . In T. brasiliensis search-phase echolocation, the QCF section contains the lowest call frequencies (which are least subject to atmospheric attenuation), often includes the frequency of maximum amplitude, and is longer in duration than the other call components. Hence, presence of a QCF section in addition to an FM call component may create a more problematic source of interference compared to calls that are strictly FM. To test this hypothesis, we created playbacks that differed only in the presence and/or length of the QCF section. We predict that bats will exhibit a more marked JAR to playback signals that contain a QCF section compared to strictly FM calls. While this may initially appear contradictory to the predictions from our 1st hypothesis (JAR to broadband FM signals > JAR to CF signals), we are actually assessing a different component of call structure; the 1st hypothesis assesses the impact of bandwidth on JAR, while the 2nd hypothesis controls for bandwidth and examines the effect of an additional call component, the QCF section, on JAR.
Methods
We performed playback experiments with free-flying bats from 1-22 June 2009 on a cotton farm in the vicinity of Uvalde, South Central Texas. The farm is within 10 miles of Frio cave, which is estimated to contain approximately 1,000,000 T. brasiliensis during the summer months (Betke et al. 2008) . We regularly observed bats foraging on insects that were found in high densities over the crop fields where the study was conducted.
We created 4 playback stimuli, all of which had the same minimum frequency (22.3 kHz) and duration (14.5 ms) but differed substantially in the pattern of frequency modulation. These model call structures were selected because they have been commonly observed in free-flying T. brasiliensis under different behavioral and ecological conditions ). The 4 playback signals ( Fig. 1 ) created were 1) CF (constant frequency only), 2) FM (frequency modulated only), 3) FMS (FM section followed by short terminal QCF section), and 4) FML (FM section followed by long terminal QCF section). The CF signal was generated with the signal generator function of Avisoft SasLab Pro (Avisoft Bioacoustics 2014) and had a bandwidth of 0.8 kHz (i.e., spectral thickness of the signal). The FM signal was generated as a linear sweep with a signal bandwidth of 6.9 kHz. The FMS call was identical to the base playback signal used by , which was originally a call recorded from a free-flying bat. The first 82% of the call (11.9 ms) is frequency modulated, after which it transitions into a QCF section (18% of the call, 2.6 ms); signal bandwidth was 6.9 kHz. The FML signal also contains FM and QCF components, but here the first 62% of the call (9 ms) is FM, with the remaining 34% (5.5 ms) being a QCF section; again, signal bandwidth remained the same at 6.9 kHz.
To create playback stimuli, a call sequence was generated for each of the 4 call types. For each sequence, the selected model call was repeated 42 times with 200 ms intercall intervals, followed by a 1.45 s sequence of "approach" and terminal "feeding buzz" calls ). The approach/terminal sequence was an actual call sequence taken from a freeflying bat that consisted of 32 calls with a duration range of 0.8-16 ms, an intercall interval range of 5.1-176.2 ms, and an end frequency range of 22.3-29.4 kHz. This final section was included because T. brasiliensis is attracted to the presence of feeding buzzes (Gillam 2007) , hence increasing the number of individuals approaching our experimental setup. Each composite sequence was repeated to create a 5-min broadcast signal. A 5-min control broadcast of silence was also created.
Each night, we began playbacks between approximately 2030 and 2045 h, when the 1st bat was sighted in the area, and continued for 2-3 h, corresponding to the times of peak bat activity. We presented acoustic stimuli through a 4-tweeter ultrasonic speaker (Avisoft Magnat 60401; Avisoft Bioacoustics, Berlin, Germany; low-pass frequency response of −10 dB within the relevant range of 22-30 kHz) mounted 2.5 m above the ground on a tripod with all tweeters oriented along the horizontal plane. Three condenser microphones (Avisoft CM16; frequency response ±5 dB between 10 and 100 kHz) were placed in the recording area. The central microphone was located directly under the speaker and pointed upwards. The other 2 microphones were positioned 10 m in opposite directions from the speaker at a height of 2 m, oriented at 45% above the horizontal towards the speaker. Broadcast stimuli were generated by a Dell Latitude laptop (Dell Inc., Round Rock, Texas) through an Avisoft UltrasoundGate Player 116. High-speed data acquisition was carried out using Avisoft's UltrasoundGate 416H and Avisoft Recorder, using the same laptop that was used for stimulus presentation. Recordings were done with 16-bit resolution and a 166-kHz sampling rate. Recorded files were 5-min long and included both the playback signals and the calls of freeflying bats in the area.
From the recorded sound files for each experiment (see below), we selected call sequences that met the following criteria: 1) only one bat was present near our recording equipment, as evidenced by the stable interpulse intervals of recorded search-phase calls (Speakman and Racey 1991; Ulanovsky et al. 2004) , 2) the sequence was separated by more than 1 min of silence from another sequence (this minimized the chance of analyzing multiple recordings of the same bat and allowed us to assume that each sequence was from a different individual; see for more details), and 3) the sequence consisted primarily of search-phase echolocation calls. We did not select sequences based on whether any changes were observed in the bat's calling behavior.
For each selected file, we digitally high-pass filtered the recording using a finite impulse response filter with 5 kHz cutoff and computed the spectrogram (frequency × time representation) using a 1,024 point fast Fourier transform (93.75% overlap). For the 166 kHz sampling rate we used, this gave a 162 Hz frequency resolution. We excluded all playback calls from analysis, which could be easily identified based on their uniform intercall interval and distinct spectro-temporal shapes. For each selected call, we measured call duration (Dur) and peak frequency at the start (F start ), end (F end ), and point of maximum amplitude of the call (F max ). Peak frequency was defined as the maximal peak of the power spectrum.
All research on live animals followed American Society of Mammalogists guidelines (Sikes and Gannon 2011) and was approved by the North Dakota State University Institutional Animal Care and Use Committee (Protocol # A0953).
Static stimulus experiment.-We initially tested for a JAR by broadcasting the 4-call sequence stimuli and the silence control in a randomized order and recording the calls of free-flying bats in the vicinity. We changed the playback order on successive nights and presented each 5-min signal 5 times per night, on average, and at least 15 times over the course of the entire study. From the collected recordings, 33-38 of the call sequences for each of the 5 playback conditions met the selection criteria and also exhibited a high signal-to-noise ratio, resulting in a total of 177 sequences analyzed. From each sequence, we selected 7-10 calls with the highest signal-to-noise ratio and used Avisoft SasLab Pro (Avisoft Bioacoustics 2014) to measure the aforementioned call variables. We then computed the average call measurements for each sequence and used these average values for subsequent analysis of the static stimulus data.
Dynamic stimulus experiment.-To determine if changes in the spectro-temporal structure of bat calls were in direct response to the characteristics of the playback signal, we conducted a 2nd experiment in which we abruptly switched the sound stimulus as an individual bat approached the speaker. We used the 4 bat call playback stimuli to produce 12 signal switches, which fell into 4 "modulation" categories. The 1st category, called "BW Inc," included the 3 playback switches in which the bandwidth of the post-switch signal was larger than the pre-switch signal (CF → FM/FMS/FML). The 2nd category, called "BW Dec," included the 3 switches in which the bandwidth of the post-switch signal was smaller than the pre-switch signal (FM/FMS/FML → CF). The 3rd category, called "QCF Inc," included the 3 playback switches in which the QCF section was longer in the post-switch signal compared to the pre-switch signal (FM → FMS/FML and FMS → FML). The 4th category, called "QCF Dec," included the 3 switches in which the QCF section was shorter in the postswitch signal compared to the pre-switch signal (FML → FM/ FMS and FMS → FM).
The presence of a single bat was assessed in real time based on the stability of the intercall intervals. The pre-switch playback stimulus was broadcast until an individual bat approached the recording area. We then switched the playback stimulus when the calls of the bat increased in amplitude to a level similar to that of the playback signal, indicating that the bat was approaching our recording system. The switch in playback frequencies resulted in a small temporal gap (less than 1.5 s) between the end of the preswitch signal and the start of the post-switch signal, and when analyzing the data we used the starting time of the post-switch signal as the alignment point (break between pre-and post-switch categories). We continued recording until the echolocation calls of the bat were no longer visible on the oscillograms.
For analysis, we selected the 10-call sequences with the highest signal-to-noise ratio for each of the 8 switches, using the same selection criteria as above, and the additional criterion that the sequence contained at least 10 calls pre-switch and 10 post-switch. This resulted in a total of 120 call sequences between the 4 playback categories (BW Inc, BW Dec, QCF Inc, and QCF Dec). , who used the same dynamic stimulus experimental design as described here, conducted a secondary analysis to correct for Doppler shift that invariably occurs as a result of the movement of the bat in reference to our recording setup. We chose not to conduct a similar analysis in this study because 1) found that correcting for the Doppler shift effect in their data did not change the direction of the observed shift, as adjustments led to an exaggeration of the upward shift that was already observed post-switch, and 2) our interests lay primarily in examining relative differences in JAR between the 4 playback conditions, hence we chose to conduct analyses on the original, uncorrected dataset.
Statistical analysis.-For the static stimulus experiment, we conducted a 1-way analysis of variance (ANOVA and Tukey test) for each of the call variables to determine if calls recorded in the presence of the 5 signal broadcasts differed significantly in structure.
For the dynamic stimulus experiment, we calculated differences in call structure pre-and post-switch in 2 ways. First, we calculated the average values pre-and post-switch for each bat for each call variable (called "Playback Phase" below). Second, we conducted a population analysis in which we computed for each sequence the differences between the measurements of each bat call and the corresponding average pre-switch measurements for that bat ). These differences are, by definition, 0, before the switch (t < 0), so that any postswitch shift will be expressed as a deviation from 0. We then pooled all 30 sequences within each modulation and grouped these data into 0.5 s time bins (called "Time Bin" below). We only plotted and analyzed data for the time bins that contained > 25 observations (−2.75 to +2.75 s). While the 1st analysis examines absolute differences in call structure at a coarse level (before/after), the 2nd, population-level analysis looks at relative differences before and after the switch and allows for assessment of any continuous changes in call structure.
We estimated the variation of each call measurement using linear mixed-effects models. We included Modulation (i.e., playback category; categorical), Playback Phase (pre-and post-switch; categorical), Time Bin (continuous), and all interaction terms as fixed factors. While inclusion of Playback Phase allowed us to determine if, on average, sequences differed between the playback phases (before/after switch), the factor Time Bin was used for calculating slopes to determine if signals actively changed within each of the playback phases. We used a random slopes model by allowing the interaction of Playback Phase and Time Bins to vary between individual sequences as random effects to test for individual consistency. Thus, our linear mixed-effects models account for betweensequence variations in overall response estimates (random intercepts) along with the interaction of Playback Phase and Time Bin slopes. P-values were calculated by setting the degrees of freedom to 109 (120 sequences minus 7 for fixed effects, minus 4 for random effects). We used this conservative approach for computing the degrees of freedom over ambiguous approximations currently available for mixed-effects models (Pinheiro and Bates 2000) . Univariate models for each call measurement were fit with the restricted maximum likelihood method using the lme4 library in R (R Development Core Team 2013). Model validation was evaluated by graphical inspection of the residuals (Zuur et al. 2009 ). ANOVA was used to assess the significance of the fixed factors for each of the 4 call measurements (Dur, F start , F end , F max )
Variance estimates and agreement repeatability (R agr ) were calculated from the random effects table. Since we are interested in evaluating if individuals differ in average call measurements in our experimental design independent of any confounding factors, we estimated the adjusted repeatability (R adj -Nakagawa and Schielzeth 2010) by controlling for significant fixed and random effects. We calculated the adjusted repeatability by dividing the estimated variance component for an individual sequence by the sum of the estimated random effect variance and estimated error variance.
Results
Static stimulus experiment.-The calling behavior of bats differed between playback groups for most variables. Significant effects were observed between groups in F start (F 4,149 = 3.21, P = 0.015), F end (F 4,149 = 6.80, P < 0.0001), and F max (F 4,149 = 6.46, P < 0.0001) (Fig. 2) . Post hoc tests for these 3 spectral variables indicated that calls recorded in the presence of the CF playback and the Silence Control grouped together, while calls recorded in the presence of the 3 FM playbacks clustered into a second, significantly different group (Fig. 2) . No significant differences were observed between any playback conditions for Dur (F 4,149 = 0.22, P = 0.93).
Dynamic stimulus experiment.-Qualitative inspection of how the calculated difference values for each call measurement changed with Playback Phase (Table 1) and Time Bin (Fig. 3) indicates that the largest shifts were observed for the BW Inc group, with calls emitted post-switch shorter in duration and higher in frequency than calls emitted pre-switch. The other 3 categories (BW Dec, QCF Inc, and QCF Dec) did not exhibit consistent changes in the post-switch Time Bins, indicating a weaker, less consistent response compared to the BW Inc group. Linear mixed-effects models revealed that the significance of the fixed effects varied between the individual univariate models (Dur, F start , F end , F max ) . Yet, overall these results emphasize the importance of temporal factors in explaining significant differences within the dataset, as Playback Phase, Time Bin, or interactions with these terms were significant for all 4 call measurements ( Table 2) .
Individual repeatability, which had been controlled for random and fixed effects, varied extensively between call variables (see Supporting Information S1). Individual repeatability was intermediate for F start (R adj = 0.23) and Dur (R adj = 0.27) and low for F end (R adj = 0.05) and F max (R adj = 0.09). Overall, the variation explained by differences between individuals ranged from 1.05% to 23.33%, indicating a wide range of responses (see Supporting Information S1) and that most variation in the models is attributed to other factors (Playback Phase, Time Bin, Playback Phase × Time Bin, and residual variance).
discussion
In this study, we assessed how the spectro-temporal structure of a potentially interfering acoustic signal impacts the JAR of free-flying bats. We predicted that 1) broadband signals would elicit more extensive JAR than narrowband signals, and 2) signals with a QCF section would elicit more extensive JAR than signals that were strictly FM. Our results support the 1st prediction but do not support the 2nd prediction.
Findings from our dynamic stimulus experiment suggest that bats exhibit a general response to any changes in the structure of an interfering stimulus, as temporal factors explained significant amounts of variation for all 4 call variables. Yet, these responses differed between the 4 playback conditions tested, with the strongest reactions being observed when the bandwidth of the interfering stimulus was experimentally increased in the latter half of the trial. This result suggests that the broadband signal (6.9 kHz) had greater jamming "power" compared to the narrowband signal (0.8 kHz) tested in our experiment.
The outcome of the static stimulus experiment further supports the importance of bandwidth in dictating the strength of JARin this case, all playbacks with an FM component elicited similar acoustic responses, while the reaction of bats to the narrowband CF signal was not different from the silence control. The presence and/or duration of the terminal QCF section did not appear to affect the strength of JAR in a consistent manner.
Repeatability of individual responses to interfering stimuli was moderate for two of the acoustic measurements (Dur and F start ). The higher repeatability of F start compared to F end and F max is particularly interesting, as F start is generally a less reliable call measurement due to the greater atmospheric attenuation of higher frequencies. The general conclusion that none of the call measurements exhibited high repeatability agrees with Table 1 .-Estimated mean values and their standard error (± SE) for post-switch modulation treatments from the mixed-effects models. The 4 modulation treatments are 1) BW Inc (bandwidth increases post-switch), 2) BW Dec (bandwidth decreases post-switch), 3) QCF Inc (length of QCF sequence increases post-switch), and 4) QCF Dec (length of QCF sequence decreases post-switch). Values represent the average difference between the measurement value of each bat call and the corresponding average pre-switch measurement value for that bat. Only post-switch values are shown, as pre-switch values were all ~0 as a result of how the population analysis values were calculated (for each call sequence, the difference between each call measurement, and the corresponding average pre-switch measurement for that bat was calculated). QCF = quasiconstant frequency.
Modulation treatment
Dur ( previous research that has demonstrated extensive flexibility in the echolocation of Brazilian free-tailed bats. recorded T. brasiliensis across their range in the United States and found that the majority of variation in call structure was attributable to differences within individuals, with little variation due to differences between individuals or locations. Flexibility has also been documented for this species across an altitudinal gradient (Gillam et al. 2009 ) and in relation to the density of bats in the area (dense emergence flights versus solitary foraging- Gillam et al. 2010) . Given the degree of variation generally observed in the echolocation of this species, our observation of a clear JAR to broadband signals is even more striking. It would be valuable for future studies of JAR to include such repeatability analyses, not only to assess differences between populations and species, but also how calling behavior may differ in field versus laboratory settings. Our results support a growing body of experimental literature demonstrating that 1) JAR is a behavioral response commonly used by bats to avoid passive interference from the calls of echolocating conspecifics, and 2) characteristics of the interfering signal impact the observed response. As a result, broadband signals are likely to be more problematic types of interference than narrowband signals. Similar to Tressler and Smotherman (2009) , we found that a signal of ~7 kHz bandwidth that overlapped with the call frequencies of Brazilian free-tailed bats elicited JAR. Alternatively, a more narrowband signal that overlapped less, if at all, with a bat's call did not induce JAR. Interestingly, we designed our CF playback signal (frequency range = 22.3-23.1 kHz) to mimic the average call structure previously reported at the study site (F end = 22.9 kHz- ); yet, we found average call frequency in the absence of playbacks ("Silence" treatment in static stimulus experiment) was substantially higher than had previously been reported (F end = 25.9 kHz). This likely further reduced the potential for our CF signal to be a potent source of interference, as many bats would already be calling above this frequency. Further testing with higher frequency CF calls would be valuable for better elucidating the effect of such signals on the calling behavior of free-flying bats. observed that when bats were challenged with playbacks overlapping with their own call frequencies, individuals shifted upwards to higher frequencies, even when this involved a significant adjustment to move above and beyond the lower frequencies of the playback signal. It was proposed that this asymmetrical response (i.e., lack of downward shifting) was driven by attempts to avoid overlap with the QCF portion of the playback signal, which might be particularly problematic in the case of echo reception and signal processing. Our results do not support this hypothesis, as bats did not respond differentially to playbacks that varied in the presence or length of the QCF section in either the static stimulus or dynamic stimulus experiments.
Interestingly, some bats exhibit JAR in both upward and downward directions, as demonstrated by the work of Bates et al. (2008) with E. fuscus; they found that individuals only exhibited JAR in response to a CF stimulus that spectrally overlapped with the minimum frequency of the bat's calls, indicating that bats use JAR primarily to avoid overlap of their lower call frequencies that are important for target detection and range estimation. Ulanovsky et al. (2004) also observed bidirectional shifting in free-flying T. teniotis. Similar to , we found no such defense of lower call frequencies from overlap. One plausible explanation is that it is not the QCF section, per se, that is the most problematic part of the playback, but rather the lower frequencies in general. If this were the case, bats would shift upwards to avoid overlap with the lower section of the playback signal regardless of whether a QCF component was present or not. Another possibility is that constraints on the echolocation call structure of T. brasiliensis are different from those of E. fuscus and other species, such that shifts to lower frequencies are not plausible. Experimental work attempting to force bats to call at lower frequencies (i.e., intense interference at higher frequencies only) would be valuable for understanding if individuals of this species are even capable of substantial downward shifts; given the flexible nature of echolocation in this species, limits on lower frequency calling could alternatively not be a physiological limitation but instead a perceptual constraint or an adaptive response to optimizing signal transmission under certain climactic conditions.. Recent work by Cvikel et al. (2015) used on-board recording systems mounted to the backs of Rhinopoma microphyllum and found no evidence of JAR when bats were in close proximity to each other. Instead, individuals responded uniformly to the presence of other bats by decreasing call duration and increasing call frequency; this indicates that bats do not actively avoid the frequencies of conspecifics but rather respond to the presence of a bat in the same way they would Bold values indicate fixed effects that were significant at the 0.05 level.
a nearby object or background vegetation. Alternatively, our findings do not support the conclusion of Cvikel et al. (2015) that most bats do not exhibit classical JAR. Specifically, Cvikel et al. (2015) documented a tight association between call duration and frequency, which leads to a call structure better adapted for detecting detailed information about nearby objects. Yet, our static stimulus experiment found that bats changed their call frequencies without altering call duration. Further, we found that the characteristics of the broadcast signal impacted the strength of the bat's response. If bats were only reacting to conspecifics as an object in the near environment, we would expect similar responses to both our CF and FM broadcasts, which was not the case. Overall, the comparison of our findings with those of Cvikel et al. (2015) highlights the potential different patterns of jamming (or lack thereof) that may occur between species, especially those that are distantly related like R. microphyllum and T. brasiliensis (Jones et al. 2002) . Further comparative work examining JAR in other species would be valuable. Overall, our results support the idea that JAR is an important part of the sensory processing capabilities of Brazilian free-tailed bats, and that the response can be finely adjusted in relation to the characteristics of the interfering acoustic stimulus. Despite our findings, several questions remain. As described above, experiments attempting to push the limits of call plasticity to determine neurological/physiological boundaries would be valuable for understanding why JAR differs across species. Work attempting to tease apart under which conditions individuals employ each of the 3 known JAR strategies (temporal adjustment, frequency adjustment, and cessation of calling) would also be highly valuable. Finally, new research by Corcoran and Conner (2014) documenting the use of a social call by T. brasiliensis to actively jam conspecifics warrants further questions about how bats use JAR in the face of this alternate signal, which differs substantially in call structure from the echolocation playbacks used as interference in this study. Such work will further expand our understanding of how bats are able to orient and capture prey in a perpetually noisy world.
